Recent investigations have revealed that populations of macrophages and dendritic cells (DCs) are present in the stroma and epithelium of the cornea, although the precise phenotype and distribution are still controversial. CX 3 CR1, the sole receptor for the chemokine fractalkine, is expressed by these monocyte-derived cells. Transgenic CX 3 CR1 GFP mice, in which either one (heterozygous) or both (homozygous) copies of the CX 3 CR1 gene were replaced by enhanced green fluorescent protein (eGFP), were used to characterize monocytederived cells in the mouse cornea and to determine whether the expression of this receptor influences the recruitment of these cells into the normal cornea. METHODS. Wholemount corneas were immunostained with anti-leukocyte antibodies to the phenotypic markers major histocompatibility complex (MHC) class II, CD169, CD68, CD11b, and CD45 and analyzed by epifluorescence and confocal microscopy. 
T he topographical distribution and functional heterogeneity of cells of the mononuclear phagocyte system 1, 2 in the cornea are most likely crucial in the course of innate immune responses, such as bacterial keratitis. Furthermore, the role of dendritic cells (DCs) and macrophages in the afferent and efferent arms of cell-mediated corneal immune responses has significant implications for the outcome of several clinical conditions such as corneal transplant rejection. 3 The central region of the mammalian cornea was traditionally thought to be largely devoid of DCs or resident tissue macrophages 4 -6 ; however, it was well recognized that the peripheral corneal and limbal epithelia contain a resident population of major histocompatibility complex (MHC) class II ϩ intraepithelial DCs, sometimes referred to as Langerhans cells (LCs), which decline sharply in density centripetally. 7 This was the generally held view until the recent discovery of heterogeneous populations of CD11c ϩ MHC class II Ϫ DC in the normal murine central corneal epithelium and stroma. 3,8 -10 In addition, there was an independent discovery of populations of CD11b ϩ resident macrophages within the murine corneal stroma, 11 an observation subsequently confirmed by Sosnova et al. 12 Activation of resident corneal and limbal DC and macrophages during keratoplasty or keratitis 8, [13] [14] [15] or after exposure to proinflammatory stimuli, such as LPS or TNF-␣ in vitro, has been clearly demonstrated. 16 In addition to subsets of tissue-specific, monocyte-derived macrophage populations (e.g., Kupffer cells in liver, alveolar macrophages, and microglia in neural parenchyma), it is now increasingly recognized that resident macrophages can be further divided into distinct subsets on the basis of their cytokine secretion and expression of chemokine receptors. Chemokines comprise a family of structurally related proteins that play a pivotal role in leukocyte emigration from blood vessels and can be classified as belonging to either the C, CC, CXC, or CX 3 C subfamily according to the arrangement of their (N)-terminal cysteine motifs. 17 The sole member of the CX 3 C, or ␦-chemokine, subfamily is the novel chemokine CX 3 CL1, also known as fractalkine or neurotactin. 18 -20 Fractalkine is a membranebound glycoprotein that sits atop an extended mucin-like stalk. It can assume a soluble form after proteolytic cleavage at an extracellular site near the plasma membrane. 18, 21 Through interaction with its unique receptor, CX 3 CR1, fractalkine is able to mediate cell-cell adhesion when membrane bound, and in its soluble form it acts to mediate cell migration of CX 3 CR1-bearing cells such as monocytes, NK cells, T-cells, DCs, and macrophages including microglia. 19, 22, 23 Constitutive expression of fractalkine has been demonstrated in vitro on epithelial cells in the gut, skin, and tonsils 24 and lamina propria of the small intestine. 25, 26 Numerous studies on the biological role of the fractalkine/CX 3 CR1 dyad demonstrate contributions to the development of several inflammatory diseases including atherosclerosis, psoriasis, rheumatoid arthritis, and experimental autoimmune myositis. [27] [28] [29] [30] Recently, the ability to investigate the in vivo fate of blood monocytes experimentally has been greatly enhanced by the development of mice in which a green fluorescent protein (eGFP)-encoding gene is inserted in one or both copies of the CX 3 CR1 locus. 26, 31 This model and the adoptive transfer of labeled monocytes from these CX 3 CR1
GFP mice into wild-type (WT) recipients has begun to shed light on monocyte heterogeneity and factors regulating their differentiation within tissues, and in particular the role of the chemokine receptor CX 3 CR1 in the accumulation of normal resident monocyte-derived DC and macrophages in a diverse range of tissues. 32 By investigating heterozygous (CX 3 CR1 ϩ/GFP ) and homozygous (CX 3 CR1 GFP/GFP ) transgenic mice, Niess et al. 26 demonstrated a role for CX 3 CR1 in the formation of transepithelial dendrites by intestinal DCs. The deficiency of CX 3 CR1 in homozygous mice led to impaired sampling of intestinal lumen antigens and impaired defense during bacterial challenge.
In the present study, we took advantage of CX 3 CR1
GFP transgenic mice 31 to confirm the presence of monocyte-derived cells in the normal murine cornea. Furthermore, we investigated whether CX 3 CR1 expression plays a role in DC and macrophage recruitment in the normal corneal epithelium and stroma. The present study confirmed previous findings in several laboratories that the normal murine corneal stroma contains extensive populations of resident monocyte-derived macrophages. Our data revealed that CX 3 CR1-deficient mice lack MHC class II ϩ putative DCs in the corneal epithelium and indicate that the absence of fractalkine signaling hinders the ability of these cells to form the characteristic dendriform processes of DCs. These findings provide evidence that fractalkine/CX 3 CR1 interactions play a role in the normal homeostatic recruitment of bone-marrow derived monocytic cells into the corneal epithelium.
MATERIALS AND METHODS

Animals
Transgenic heterozygous CX 3 CR1 ϩ/GFP mice, which retain a WT copy of the CX 3 CR1 receptor, and homozygous CX 3 CR1 GFP/GFP mice, which are CX 3 CR1 deficient, were used in the present study. These transgenic mice were on a BALB/c background, with WTs of this strain used as control animals. In addition, conventional CX 3 CR1 knockout (KO) mice on a C57Bl/6 background (CX 3 CR1 Ϫ/Ϫ ) were obtained from Jackson Laboratory (Bar Harbor, ME). All experiments used female mice aged between 6 and 12 weeks, and all procedures conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Tissue Collection and Immunostaining
Eyes were enucleated and fixed in 4% paraformaldehyde and stored at 4°C until further processing. Corneas were dissected from the eye, and radial incisions were made to produce eight pie-shaped wedges consisting of limbus and conjunctiva peripherally and central cornea apically, as previously documented. 33 Tissue pieces were washed in PBS, incubated in 20 mM prewarmed EDTA tetrasodium for 30 minutes at 37°C, and then incubated with a 0.2% solution of Triton-X in PBS plus 1% bovine serum albumin for 5 minutes at room temperature (RT), to increase antibody penetration. In the CX 3 CR1 GFP mice (heterozygotes, and homozygotes), corneas were double stained with anti-GFP and a range of primary monoclonal antibodies. After overnight incubation with rabbit anti-GFP (1:200; Chemicon, Temecula, CA) at 4°C, the tissues were washed and incubated with Alexa Fluor 488 -conjugated goat anti-rabbit (1:100; Invitrogen-Molecular Probes, Eugene, OR) plus 10% mouse serum for 60 minutes at RT. After further washes with PBS, the tissues were incubated overnight at 4°C with anti-MHC class II (M5/114; 1:200; BD-Pharmingen, San Diego, CA) anti-CD169 (Ser4; 1:100; Serotec, Raleigh, NC), anti-CD68 (1:100; Serotec), CD11b (1: 100, Pharmingen), or CD45 (1:100 Serotec). The following day, the tissues were incubated with biotinylated goat anti-rat IgG (1:100; GE Healthcare, Piscataway, NJ) for 60 minutes at RT, washed three times, and incubated in streptavidin-Cy3 (1:100; Jackson ImmunoResearch Laboratories, West Chester, PA) for 60 minutes at RT. Tissues were incubated in DAPI (1:50 in PBS; Roche Molecular Biochemicals, Indianapolis, IN) for 10 minutes at RT. Stained tissue wholemounts were placed in aqueous mounting medium (Thermo Fisher Scientific, Pittsburgh, PA) onto glass slides and coverslipped. For C57Bl/6 CX 3 CR1 ϩ/ϩ (WT) and CX 3 CR1
Ϫ/Ϫ (KO) mouse tissue, corneas were prepared in an identical manner except the anti-GFP primary and secondary antibodies were omitted, and MHC class II was visualized with Alexa Fluor 488 -conjugated rabbit anti-rat IgG (Invitrogen-Molecular Probes). As negative control samples, either FITC-conjugated isotype rat IgG was substituted for primary antibodies or the step was omitted completely.
Examination of Corneal Mounts and Quantitative Analysis of Intraepithelial DCs
Corneal wholemounts were examined using both conventional epifluorescence microscopy (Olympus, Tokyo, Japan; DMRBE, Leica, Hawthorn East, VIC, Australia) and confocal microscopy (TCSSP2; Leica).
To perform quantitative evaluation of bone-marrow-derived cells each wedge-shaped portion of the corneal wholemount was divided into three different regions or zones. The central region was defined as within 0.5 mm from the center of the cornea, the paracentral region was the area between 0.5 and 1.0 mm from the center, and the peripheral cornea was defined as the area between 1.0 mm and the limbal border. 10 Intraepithelial DCs were counted in each region and converted to density/mm 2 based on the area of the region evaluated (Metamorph 6.2 software; Molecular Devices, Downingtown, PA). At least three mice were used for each strain. Confocal microscopy was used to characterize the eGFP ϩ cells or immunopositive cells in the corneal stroma and epithelium. Images of corneal wholemounts were generated by a series of z-stacks from the internal aspect moving through to the external aspect in 0.5-m increments in various regions of the cornea from the peripheral to the central cornea. Final image processing was performed with commercial image management software (Photoshop, ver 7.0; Adobe Systems, San Jose, CA).
Statistics
Statistical significance was determined with an unpaired t-test (Prism; GraphPad Software, San Diego, CA). P Ͻ 0.05 was considered to be significant.
RESULTS
Effect of CX 3 CR1 Expression on Homing of MHC class II ؉ Putative DCs to the Corneal Epithelium
Immunofluorescence was used to investigate the distribution of MHC class II ϩ putative DC in the corneal epithelium in WT and heterozygous mice (Figs. 1A-C) and CX 3 CR1-deficient mice (Figs. 1D-F) . In WT mice we observed a progressive decrease in density from the periphery to the central cornea (Figs. 1A, 1B (Fig. 1C) . The intraepithelial MHC class II ϩ cells displayed extensive dendritic, ramified cell processes that interdigitated between the corneal epithelial cells (Figs. 1B, 1C) . The MHC class II ϩ cells in the peripheral corneal epithelium in CX 3 CR1
GFP/GFP mice (Figs. 1D-F) , failed to form the classic network of cells seen in WT mice, and furthermore, those few cells present displayed a pleomorphic form lacking extensive ramified dendritic processes.
Quantitative analysis of MHC class II ϩ cell populations in the corneal epithelium confirm previous observations of a decline in density from the peripheral toward the central zone. 4, 7 In light of previous descriptions of MHC class II
Ϫ
CD11c
ϩ intraepithelial DCs, we were particularly interested to determine whether there were any MHC class II Ϫ GFP ϩ cells. None were noted in either homozygous or heterozygous CX 3 CR1 mice, suggesting that the MHC class II ϩ cells described represents the entire population of intraepithelial putative DCs. Anti-CD11c staining was performed on corneal wholemounts, but results were variable and do not allow us to state unequivocally whether the putative DCs were CD11c positive or negative. This question is the subject of ongoing research.
In addition to CX 3 CR1 GFP transgenic mice on a BALB/c background our observations were further confirmed using CX 3 CR1 knockout mice on a C57Bl/6 genetic background. In CX 3 CR1-deficient mice on both genetic backgrounds the number of intraepithelial MHC class II ϩ cells in the central, paracentral, and peripheral cornea was quantified by using epifluorescence microscopy. The distribution and density (per mm 2 ) of these cells did not differ between WT C57Bl/6, BALB/c (both CX 3 CR1 ϩ/ϩ ) and CX 3 CR1 ϩ/GFP mice (Fig. 2B-D) . However, there were statistically significant differences in the density of MHC class II ϩ cells in the corneal epithelium of CX 3 CR1-deficient mice compared with their WT counterparts in both BALB/c and C57Bl/6 genetic backgrounds (BALB/c; P Ͻ 0.0002; C57Bl/6; P Ͻ 0.009; Figs. 2B-D) . In summary, the present study clearly revealed the importance of CX 3 CR1 expression in the homing of MHC class II ϩ putative DCs to the corneal epithelium and in the establishment of typical dendriform morphology and network patterns (Fig. 2E) .
Phenotype of the eGFP/CX 3 CR1 ؉ Cells in the Naïve Mouse Corneal Stroma
Corneal wholemounts from naïve WT, CX 3 CR1 ϩ/GFP , and CX 3 CR1
GFP/GFP mice were incubated with anti-eGFP to enhance the green signal and analyzed using confocal microscopy. In WT mouse corneas, there was no eGFP staining (Fig.  3A) , whereas in heterozygous and homozygous mice, eGFP ϩ cells were evenly distributed in all regions and depths of the corneal stroma (Figs. 3B, 3C ). This confirms that bone marrow monocytic-derived cells are a constitutive resident cell population of the corneal stroma and highlights the value of these transgenic animals in visualizing the normal resident monocytic-derived cells in the mouse cornea.
Immunophenotypic analysis using dual staining of corneal wholemounts was performed to characterize the eGFP ϩ cells in the corneal epithelium and stroma of CX 3 CR1 GFP mice. In the corneal stroma of both CX 3 CR1
ϩ/GFP and CX 3 CR1
GFP/GFP mice, a subpopulation of the large number of eGFP ϩ cells were MHC class II ϩ ; however, the level of expression was lower than in the intraepithelial population (Figs. 3D-F ). There were no overt differences observed in the stromal MHC class II ϩ cells in either CX 3 CR1 ϩ/GFP or CX 3 CR1 GFP/GFP mice. This result contrasts with the altered intraepithelial putative DC network observed in homozygous mice lacking this receptor, as described above.
In CX 3 CR1 ϩ/GFP and CX 3 CR1 GFP/GFP mice, eGFP ϩ cells in the corneal stroma had a more pleomorphic morphology than intraepithelial putative DC or LC-like cells. Immunophenotypic analysis of these populations revealed that they coexpressed the recognized macrophages markers CD68 (Figs. 3G-I) , CD169 (Figs. 3J-L), and CD11b (Figs. 3M-O) . They were also all CD45 ϩ (not illustrated). There were no qualitative differences between the CX 3 CR1
ϩ/GFP and CX 3 CR1 GFP/GFP mice in the density or morphology of eGFP ϩ CD68 ϩ or eGFP ϩ CD169 ϩ cells. The morphologic appearance, distribution, and phenotype are strong evidence that most of the bone marrow-derived cells in the corneal stroma are resident tissue macrophages. 
DISCUSSION
Until recently, a central tenet of corneal immunology was that the central mammalian cornea was largely devoid of DCs or resident tissue macrophages. 34 Many observers had described intraepithelial DCs or LCs with characteristic dendriform morphology and immunophenotype (CD45 ϩ MHC class II ϩ ) in the conjunctiva and limbal region, but noted a sharp centripetal decline in density. 4, 7 This paradigm has come under scrutiny with the recent discovery of heterogeneous populations of CD45 ϩ CD11c ϩ MHC class II Ϫ DCs in the normal murine central corneal epithelium and stroma, 3, 8, 10 as well as an independent discovery of populations of CD45 ϩ CD11b ϩ resident macrophages throughout the murine corneal stroma.
11 Subsequently, others have confirmed the presence of stromal macrophages in the mouse, a proportion of which are MHC II ϩ and also express CD34 (hemopoietic stem cell marker). 12 In light of these more recent observations of monocyte-derived cell populations in the avascular cornea it is imperative that the signals involved in mediating the normal homeostatic turnover of these cells be determined. The chemokine receptor CX 3 CR1 has recently been shown to be critically involved in the normal homeostatic recruitment of monocyte-derived cells in a variety of tissues. 26, 32 Investigations of these dynamic events have been greatly aided by the development of CX 3 CR1
GFP transgenic mice. In the present investigation, we sought to examine the role of CX 3 CR1 on homing of monocyte-derived cells in the murine cornea. Studying the corneas from CX 3 CR1 transgenic mice allowed the visualization of CX 3 CR1 ϩ cells in both heterozygous (CX 3 CR1 ϩ/GFP ) and homozygous (CX 3 CR1 GFP/GFP ) animals, in which the function of CX 3 CR1 is normal or deficient, respectively. With the aid of the combined approach of immunostaining techniques on wholemount corneas, in a variety of transgenic and knockout mice, we were able to identify a role for CX 3 CR1 in the normal homeostatic recruitment of MHC class II ϩ cells into the corneal epithelium. Our observations of intraepithelial MHC class II ϩ cells (sometimes referred to as LCs) in WT and CX 3 CR1
ϩ/GFP corneas complement several previous descriptions (see review in Ref. 7) and confirmed that these cells declined sharply in density from the limbus toward the center of the cornea. We were unable to demonstrate CD11c reactivity in these cells because of the lack of consistent staining patterns. However, the failure to identify CX 3 CR1 ϩ/GFP cells (i.e., all monocyte- 
IOVS,
derived cells) in the corneal epithelium that were completely MHC class II Ϫ seems to suggest that the CD11c ϩ MHC class II Ϫ DCs described by Hamrah et al. 8, 10 and Dana 3 were not present in our murine corneas.
Our data revealed a previously unknown CX 3 CR1 dependency on recruitment of putative DCs in the normal resting corneal epithelium. A similar CX 3 CR1-dependency of DC recruitment to an epithelial barrier under normal and inflamed conditions has been demonstrated in the gut. 26 That study showed evidence of impaired bacterial sampling of the gut by intraepithelial DC in CX 3 CR1 GFP/GFP mice, which the investigators postulated was the result of the altered morphology of GFP/GFP mice in the present study compared to WT BALB/c mice and a parallel observation in independent groups of CX 3 CR1
Ϫ/Ϫ and WT mice on a C57Bl/6 background demonstrates that the presence of these putative DCs in the naive corneal epithelium is dependent on the expression of CX 3 CR1. Whether this is due to the expression of the ligand CX 3 CL1/fractalkine by the corneal epithelium is currently unknown, but is the focus of ongoing investigations.
Besides their postulated sentinel role in Ag capture and mediation of the adaptive immune responses in the cornea, it is emerging that APCs may be critical in innate immune responses. 35 For example, it has been suggested that epithelial responses to pathogens, including primary production of proinflammatory cytokines and chemokines, are in fact due to pathogen recognition by resident DCs and macrophages via the activation of Toll-like receptors. 36 We hypothesize that CX 3 CR1-deficient mice may have an impaired function in the homeostatic surveillance of the corneal epithelium due to their absence of intraepithelial MHC class II ϩ cells and studies to test this hypothesis are being performed presently.
Corneal epithelial DC networks may act as pivotal sentinels in the detection of invading pathogens. It is now becoming clear, however, that another population of monocyte-derived cells, resident tissue macrophages, and possibly DCs, within the corneal stroma, may constitute a secondary frontier line of immunoreactive cells that participate in the detection and destruction of pathogens, should they breach the epithelial barrier. In the present study, we did not observe any significant qualitative difference in the presence of stromal macrophages as defined by CX 3 CR1 expression and immunophenotypic analysis in naïve heterozygous and homozygous CX 3 CR1
GFP animals. The observation of extensive networks of eGFP ϩ cells in the corneal stroma is of significance in two respects. First, it served to confirm previous descriptions of monocyte-derived cells in the normal mouse cornea. 8, 11, 12 Second, it indicates that the homeostatic recruitment of mononuclear cells in the corneal stroma is not mediated by CX 3 CR1. The phenotypic characterization of corneal stromal monocyte-derived cells revealed that these cells in CX 3 CR1 GFP mice were almost universally CD45 ϩ CD11b ϩ CD169 ϩ and CD68 ϩ/low , indicative of a macrophage phenotype. To the authors' knowledge, this is the first time CD169, a sialic acid-binding receptor found on the surface of macrophages, 37 has been identified in situ in the naïve mouse cornea. The lysosomal marker CD68, present in resident tissue macrophages and in small amounts in DCs, 38 has recently been shown to be upregulated in primary keratocyte cultures. 39 This finding may indicate either that activated keratocytes perform a phagocytic or endocytic role, a previously recognized property, or that cultured keratocytes contain remnants of stromal macrophage populations. Our data support the latter explanation. A subpopulation of corneal stromal CX 3 CR1 GFP cells expressed low levels of MHC class II indicating either that there is a subpopulation of resident stromal macrophages that coexpress this activation molecule or that a population of DCs analogous to dermal DCs in the skin exist in the stroma, a suggestion previously proposed by Hamrah et al. 10 Unfortunately, we were unable to characterize these cells fully with a pan-DC marker, such as CD11c, because of inconsistent immunohistochemical staining. The non-CX 3 CR1-dependency of monocyte populations in the corneal stroma was also noted in other ocular tissues (iris, ciliary body, choroid, and retina, data not shown). Similar observations in our laboratory suggest that the same phenomena may also be true of monocyte-derived cells in the connective tissues of the respiratory mucosa (Ruitenberg M, unpublished data, 2006).
In conclusion our data indicate a role for CX 3 CR1/fractalkine signaling in the recruitment of DCs to the corneal epithelium but not in the recruitment of monocyte-derived cells to the corneal stroma. In addition, the use of CX 3 CR1
GFP as a marker of monocyte-derived cells has confirmed the findings emerging from other laboratories that the mouse cornea contains extensive populations of BM-derived cells in the normal steady state. This transgenic mouse model by enabling visualization of monocyte-derived cells offers a unique tool to investigate the role of these cells in vivo and ex vivo in a variety of models of ocular disease in which DC and macrophages have been implicated. 40 -42 
